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Calibration of Post-AGB Stars as Standard Extragalactic Candles for HST

Final Report

This report summarizes activities carried out with support from the NASA Ultraviolet,
Visible, and Gravitational Astrophysics Research and Analysis Program. The Principal
Investigator is Howard E. Bond (Space Telescope Science Institute). For the first two years
the grant number was NAGW-4361, and for the final year it was NAG5-3912.

Postdoctoral Associate Laura K. Fullton was partially supported by this grant from
her arrival at STScl in late 1995 until the end of the funded period in early 1998.

The aim of the program is to calibrate the absolute magnitudes of post-asymptotic-
giant-branch (post-AGB or PAGB) stars, which we believe will be an excellent new “standard
candle” for measuring extragalactic distances. The reason for this belief is that in old
populations, the stars that are evolving through the PAGB region of the HR diagram
arise from only a single main-sequence turnoff mass. In addition, the theoretical PAGB
evolutionary tracks show that they evolve through this region at constant luminosity; hence
the PAGB stars should have an extremely narrow luminosity function. Moreover, as the
PAGB stars evolve through spectral types F and A (en route from the AGB to hot stellar
remnants and white dwarfs), they have the highest luminosities attained by old stars (both
bolometrically and in the visual band). Finally, the PAGB stars of these spectral types
are very easily identified, due to their large Balmer jumps, which are due to their very low
surface gravities.

Our observational approach is first to identify PAGB stars in Milky Way globular
clusters and in other Local Group galaxies, which are at known distances, and thus to
measure accurate absolute magnitudes for the PAGB stars. With this Milky Way and Local
Group luminosity calibration, we will then be in a position to find PAGB stars in more
distant galaxies from the ground, and ultimately from the Hubble Space Telescope, and thus
derive distances. These PAGB stars are, as noted above, the visually brightest members of
Population II, and thus will allow distance measurements to galaxies that do not contain
Cepheids, such as elliptical galaxies, as well as distances to spirals using PAGB stars in their
halos. Moreover, the method is entirely independent of Cepheids, and thus provides a direct
test of the Cepheid distance scale.

Our observational technique is CCD photometry. We use the standard BVI filters,
to which we add a Gunn u filter that measures the size of the Balmer jump. Basically, we
identify stars that are blue in B — V and V — I (i.e., A-F stars), but “red” in u — B (i.e,,
having a large Balmer discontinuity).

During the funded research period, we received time allocations for five observing runs
at the Kitt Peak 4-m telescope with its prime-focus CCD camera, but 3 out of those 5
runs were completely or nearly completely ruined by bad weather and excessive moonlight.
Nevertheless, we were able to obtain at least some frames in nearly every member of the
Local Group. During her stay at STScl, Fullton worked extensively on reducing the 4-m
CCD frames. Results are outlined below.

In a separate aspect of the project, we have obtained CCD data at Cerro Tololo Inter-
american Observatory, using a CCD camera on the 1.5-m telescope, to measure magnitudes
and colors for PAGB stars in the Magellanic Clouds. The PI was awarded two observing
runs, in January and October 1995. The target objects were stars selected by Bond on
objective-prism material obtained earlier (in 1993) with the Curtis Schmidt telescope at
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With UVGA support, we also initiated a program aimed at surveying all of the Milky
Way globular clusters for PAGB stars, with 0.9-m telescopes at KPNO and CTIO. e
predict that there will be about a dozen A-F PAGB stars in the entire Milky Way globular-
cluster system, which will play a crucial role in the luminosity calibration. This program
got underway in September 1996 at Kitt Peak, and continued with successful KPNO 0.9-m
runs in May and September 1997 and March 1998, and with Cerro Tololo 0.9-m runs in June
and November 1997 and April 1998. At this writing, we have good CCD frames, generally
reaching down to the horizontal branch, for some 90 Milky Way globular clusters. There are
another ~20 remaining clusters with V(HB) < 17 (all of them in the Galactic bulge region)
to observe in order to complete the uBV T survey of the entire Galactic globular-cluster
system to that limit (see future plans below). To date, there are three well-established A-F
PAGB stars in Milky Way globulars: one in w Centauri, and two in NGC 5986, and they in
fact do show a very narrow range of luminosities averaging My = —3.4.

As described above, for purposes of identifying PAGB stars, we are developing a new
“uBVI” photometric system, based on the u filter of the Gunn-Thuan system combined
with the standard BVI filters of the Johnson-Cousins system. The advantage of Gunn u
over Johnson U is that the former filter’s bandpass is entirely below the Balmer discontinuity.
PAGB stars, which are low-mass stars in transitory high-luminosity evolutionary stages, will
have extremely low surface gravities, and hence, as they pass through spectral types F and
A, will have very large Balmer jumps. This is the distinctive feature that gives them unique
u — B colors, and allows PAGB stars to be detected readily throughout the Local Group.
We have made extensive observations of Landolt standard stars, to which we are adding
a calibration of the u filter, in order to develop a network of uBVI standards around the
celestial equator.

Fullton completed a full-scale DAOPHOT photometric reduction of two 16’ x 16’ CCD
fields in the halo of M31. By doing photometry of every detected star on the CCD chip, and
selecting those with large u— B colors but blue B—V'| we identified 15 candidate PAGB stars.
Since we know how many M31 halo red giants there are in these fields (10,000 per field), the
15 stars give us a good estimate of their evolutionary lifetimes for comparison with theory.
In fact, our derived lifetime of 20,000 yr is in superb agreement with the PAGB evolutionary
track calculated in 1983 by Schonberner, for a stellar remnant mass of 0.546 M.

The M31 PAGB counts indicate that the typical star in the M31 halo does not produce
a planetary nebula (since there are far fewer planetary nebulae in the M31 halo than PAGB
stars, in spite of very similar lifetimes). In work with George Jacoby of Kitt Peak National
Observatory, Fullton has found that there are very few planetary nebulae in Milky Way
globular clusters. Our findings in M31 are yet another indication that low-mass Population II
stars do not produce planetaries, except in rare circumstances related to coalescence of binary
stars (such as blue stragglers). The reason is simply the long transition time across the HR
diagram: by the time the central star is hot enough to ionize the surrounding ejecta, the
ejecta have long since dissipated into space.

The apparent magnitudes of the PAGB candidates in the halo of M31 have a small
scatter, o ~ 0.3 mag, in agreement with our expectation of a very narrow luminosity function.
The error of the mean apparent magnitude is a very small £0.06 mag, and by applying our
preliminary absolute calibration (based on the three PAGB stars in Milky Way globulars),
we reproduce the Cepheid distance of M31 to within the errors.

By fitting the observed luminosities of our M31 PAGB stars to theoretical post-AGB
tracks, we find that their masses average about 0.53Mg, in quite good agreement with
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recent determinations of the masses of white dwarfs in Milky Way globular clusters. This is
a gratifying confirmation of the expectation that white dwarfs are descended from post-AGB
stars.

Our CCD observations of NGC 205, the well-known dwarf elliptical companion of
M31, reveal a sequence of PAGB stars, but they are about 0.35 mag fainter than those in
M31. This places NGC 205 17% further away than M31 itself (or about 120 kpc further
away), a fairly startling result in view of the obvious tidal distortion of NGC 205 by M31.
Most workers have heretofore assumed NGC 205 to be at the same distance as M31. This
important measurement, made in just a few hours of 4-m time, demonstrates the power of
our new method for measuring extragalactic distances.

Finally, an unexpected byproduct of our 0.9-m run at Kitt Peak in May 1997 was
Bond’s optical identification of the counterpart of the gamma-ray burst GRB 970508. The
subsequent determination of an absorption-line redshift for the optical source resolved the
3-decade-old debate on the distance scale of gamma-ray bursts.

Future Plans

The PI has received additional UVGA support in a new three-year grant (NASA NAG5-
6821) to continue this program. An outstanding new Ph.D. in astrophysics, Dr. David Alves,
joined this project as a postdoctoral fellow in December 1998. He has acquired considerable
expertise in astronomical photometry during his thesis work, carried out at the University of
California at Davis and at Lawrence Livermore National Laboratory, where he was associated
with the MACHO project.

Dr. Alves’ primary assignment will be to work on the extensive photometric data
reductions needed for the impressive body of CCD observations acquired to date with NASA
UVGA support. Alves and Bond will complete the establishment of the uB VI standard-star
network, and then proceed to the reduction and calibration of the Milky Way cluster survey,
Magellanic Cloud data, and the Local Group frames.

The ultimate aim of the program is (a) to determine the absolute magnitudes of
PAGB stars and the metallicity dependence, if any, thus establishing a “Population II”
distance scale that will be entirely independent of Cepheid variables; and (b) to use HST
observations in elliptical galaxies and the halos of spirals, at distances larger than that
of M81, to establish independent distances to these galaxies, and thus calibrate various
secondary distance indicators. With the Advanced Camera and/or Wide Field Camera 3 on
HST, we expect to be able to measure distances to as far out as the Virgo Cluster with great
efficiency and accuracy, using our post-AGB standard candles.
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